Grande Comore
between compositions of the La Grille end-member and Grande Comore is the westernmost and youngest island. a second one representing the plume. Class & Goldstein Karthala (2361 m) is located in the south and La Grille (1997) concluded that the isotopic diversity of the Kar-(1087 m) in the north (Fig. 1 ). The massif of Badjini lies thala shield-building lavas reflects plume-lithosphere south-east of Karthala. Badjini is thought to represent interaction, and that the Comores deep plume has a near-uniform isotopic composition.
an older center of volcanic activity and is now covered to a large extent by more recent lavas from the southKarthala is a basaltic shield volcano, probably nearing the end of its shield-building stage (Bachèlery & Coudray, east rift zone of Karthala ) and forming about two-thirds of the island. It is VOLUME 39 NUMBER 5 MAY 1998 characterized by two well-developed rift zones which chromite are common in olivines. The intergranular matrix is composed mainly of lath-shaped plagioclase extend to the north-west and south-east of a summit caldera. Karthala is undissected by erosion, but the together with augite and opaque phases. Samples from the Badjini Peninsula are similar to Karthala shield lavas concave morphology of its southern and eastern flanks has been interpreted as a result of huge landslides (Ba-but samples K16 and K17 (Table 1) have only olivine as a phenocryst phase. The Karthala maar samples chèlery & . It has erupted about every 12 years over the past 100 years.
K30a-d have a coarsely porphyritic texture with olivine and augite phenocrysts. These are mainly rounded, corThe highest point of La Grille is more than 1000 m lower than Karthala, which results in less steep flanks. roded or fractured, and are clearly out of equilibrium with the melt. These petrographic features are consistent It is covered by a profusion of cinder cones which are aligned along fissures . Based with the accumulation of olivine and augite within the volcanic edifice during the ascent of the magmas. on the state of alteration of the volcanic rocks and the vegetation and soil cover, La Grille appears to be genLa Grille lavas are often vesicular and coarsely olivinephyric in hand specimen. In thin section the olivine erally older than Karthala. There are, however, some remarkably fresh, young lava flows. A radiocarbon age phenocrysts are skeletal or euhedral, but frequently fragmented, fractured, and with signs of resorption. Chromite on wood found in one of these latest eruptions gave 740 ± 130 years . Unindented inclusions in the olivines are common. Augite phenocrysts are rare. The fine-grained matrix is composed of olivine, coastlines and the superficial erosion of the whole volcano suggest that much of La Grille has formed essentially augite, opaque phases, and glass ± plagioclase. G1 (Table 1) is the only sample with nepheline in the simultaneously with Karthala. suggested that its large summit plateau represents groundmass, which occurs in interstices between the other phases. Olivine xenocrysts containing deformation the remnant of a summit caldera on La Grille which has been filled and covered by cinder cones and associated lamellae are common. Dark brown spinel xenocrysts (G17c, G17e) and rare green-core clinopyroxenes (G18b, lava flows. The change from central type volcanism to the formation of scattered cinder cones is a frequently G18c) also occur. Centimeter-sized xenoliths are common. Consistent with the results of Strong (1972) , the observed phenomenon before the cessation of volcanic activity (Clague & Dalrymple, 1987) . If the volcanic xenoliths are mainly wehrlites consisting of olivine, clinopyroxene and spinel, but dunite and olivineedifice of La Grille indeed is built by central type volcanism then its cover of numerous cinder cones probably clinopyroxene cumulates were found also. No quartz grains, as described by Strong (1972) , were found in our indicates a more advanced evolutionary state relative to Karthala.
set of 29 La Grille samples. Based on the geological map by Bachèlery & Coudray (1993) , samples of different ages from Grande Comore were taken during a field trip in 1991 (Fig. 1) . The time
ANALYTICAL PROCEDURES
interval sampled by surface flow units is probably small relative to the total age of the volcano because erosion Samples were crushed in a steel jaw crusher. Fresh chips is only superficial. Older units of the volcano are only virtually free of xenocrysts and amygdules were ground exposed where there have been landslides. To obtain in an agate ring-disk mill and dried at 110°C. Major samples of older lavas we collected volcanic bombs and elements and Cr, Ni, Rb, Sr, Ba, Zr, Nb and Y were xenoliths from maar deposits that formed along the measured by wavelength-dispersive X-ray fluorescence coast of Grande Comore as a result of phreatomagmatic (XRF) spectrometry at the University of G12, . Some of the the University of Mainz, Germany (Table 1) . Ferrous analyzed samples were collected during earlier field trips iron was analyzed by titration with KMnO 4 . H 2 O and by P. Bachèlery. CO 2 were analyzed following the procedures described by Mezger et al. (1985) . Trace elements Sc, Hf, Ta, Th, U and the rare earth elements (REE) of a subset of samples were determined by instrumental neutron ac-PETROGRAPHY tivation analysis (INAA) (Kramar & Puchelt, 1982) at the University of Karlsruhe. REE contents were also Consistent with the difference in the styles of eruption, lavas from the two major volcanoes of Grande Comore measured by high-performance liquid chromatography (HPLC) at the Max-Planck-Institut für Chemie in Mainz, have distinct petrographic characteristics. The basic features have been described previously (Strong, 1972 ; Späth following procedures of Cassidy (1988) .
Sr, Nd and Pb isotope ratios and Rb, Sr, Sm, Nd, et al., 1996) . Karthala lavas are mainly aphyric in hand specimen and show only sporadic phenocrysts of olivine Th, U and Pb concentrations by isotope dilution were measured by static multicollection on two Finnigan MAT ± augite ± (rare) plagioclase. Inclusions of cube-shaped SiO2   46·42   47·72   46·55   46·62   46·87   47·23   46·43   47·10   46·72   46·83   46·75   46·75   47·25   47·01   46·84   47·73   47·23   47·69   48·38   47·29   48·05   TiO2   2·81   2·34   2·59   2·55   3·03   2·83   2·88   2·75   2·50   2·56   2·44   2·49   2·57   2·47   2·48   2·42   2·19   2·83   2·37   2·60   2·77   Al2O3 MnO   0·18   0·16   0·18   0·18   0·19   0·18   0·19   0·19   0·18   0·18   0·19   0·18   0·18   0·18   0·18   0·18   0·18   0·19   0·17   0·17   0·18   MgO   5·50   6·90   6·69   5·91   4·70   5·81   5·29   5·49   7·53   9·24   9·50   9·40   9·30   6·70   6·50   8·22   10·94   5·26   8·20   6·75   5·67   CaO   10·74   11·95   12·11   11·54   9·90   10·91   10·70   10·83   11·19   10·33   10·31   10·68   10·35   12·28   12·20   10·84   11·68   10·27   12·52   11·77   10·82   Na2O   3·60   3·05   3·07   3·34   4·00   3·56   3·77   3·47   3·06   3·16   3·05   2·86   3·29   3·13   3·18   2·94   2·77   3·58   2·94   3·20   3·58   K2O   1·61   1·10   1·29   1·27   1·83   1·39   1·53   1·36   1·22   1·32   1·29   1·00   1·33   1·18   1·19   1·02   1·03   1·42   1·07   1·24   1·39   P2O5   0·46   0·36   0·40   0·43   0·50   0·46   0·51   0·45   0·38   0·45   0·45   0·35   0·46   0·40   0·40   0·35   0·34   0·49   0·36   0·42   0·45   Fe2O3   2·61   3·05   2·15   3·18   3·58   2·49   3·10   3·01   3·42   3·65   2·87   2·98   2·83   2·46   3·38   4·44   2·88   3·47   2·50   2·92   3·81   FeO   9·47   7·86   9·67   8·99   9·15   9·45   9·29   9·33   8·76   7·88   8·85   9·06   8·76   9·54   8·70   7·52   9·30   8·72   8·75   8·52   8·30   H2O   0·29   0·08   0·06   0·05   0·19   0·18   0·61   0·12   0·04   0·25   0·40   0·15   0·18   0·08   0·09   0·14   0·05   0·15   0·06   0·26   0·07   CO2   0·02   0·03   0·00   0·08   0·02   0·03   0·02   0·04   0·03   0·02   0·03   0·04   0·00   0·05   0·03   0·01   0·04   0·02   0·05   0·04   0·02   Total   99·04   99·24   99·04   99·26   99·83   99·58   99·83   99·39   99·04   99·36   99·36  98·98 100·12 100·04   99·84  99·47 101·37   99·33 100·62   99·27 100·44 mg-no. Unit: 
Major elements in wt %, trace elements in ppm. mg-no. 14, 15, 19, 21, 22, 31; 1, 2, 3, 4, 5, 6, 7, 8; 88K4, 18, 23; 24, 25, 26, 27, 28, KG7; 11, 12, 13, 16, 17 . No systematic geochemical differences between the different age units of each volcano could be identified (see text).
261 mass spectrometers at the Max-Planck-Institut für been reported by Class & Goldstein (1997) . Based on the total alkali-silica nomenclature (Le Bas et al., 1986) , lavas Chemie (Table 2) . For Sr and Nd isotope analyses the samples were leached with 6 N HCl, first in an ultrasonic from Karthala and Badjini are mainly alkali basalts with some trachybasalts and show only minor variations in bath for 10 min and subsequently heated for 1 h. For Pb isotopic composition analyses, chips were washed with SiO 2 content of 46-49 wt % ( U spike were show a large variation in SiO 2 content from about 41 to 48 wt %. Only sample G1 is classified as a nephelinite used for the isotope dilution analyses. Chemical procedures were similar to those described by White & based on the occurrence of nepheline in the groundmass. Patchett (1984) and White & Dupré (1986) Sr = 0·710229 ± 7 (2 m , n = 9) and the La decreasing mg-number ( Nd ratios given mg-number and a negative correlation between were corrected to a value for the La Jolla standard of incompatible trace element and silica contents (Figs 2 0·511860. Results in Table 2 are averages of duplicate and 3). Alkali basalts from La Grille (SiO 2 >45 wt %) runs of individual samples. The reproducibility of the are characterized by lower incompatible trace element samples is in general better than the standard. Analyses contents compared with samples from Karthala. Based on leached samples were preferred for the interpretation on petrographic evidence, the three samples from Karof the isotope data. Because of the high concentration thala with mg-number >75 are cumulates and enriched of trace elements in the samples from Grande Comore in olivine and clinopyroxene, which is consistent with the total preparation blanks were considered negligible, their low incompatible and high Ni and Cr concentrations based on previous estimates from this laboratory.
relative to other Karthala samples. Chondrite-normalized Pb was loaded on Re single filaments with REE patterns are enriched for Grande Comore volcanics. Pb and 0·12% per a.m.u. for identified. 206 Pb/ 204 Pb, based on 19 and nine measurements, reThe mantle-normalized trace element patterns of Karspectively, of the NBS 982 Pb standard measured in a thala samples show a pattern typical for oceanic island temperature range of 1340-1400°C (two different periods basalts (e.g. Weaver, 1991) with a maximum in mantleof measurements). The reproducibility of the NBS 982 normalized at Nb (Fig. 5) . Mantle-normalized patterns standard in 2 % per a.m.u. was 0·044% (period 1; n = from La Grille and Karthala samples are similar, but 19) and 0·039% (period 2; n = 9). All samples were those from La Grille show a larger range in incompatible measured at least twice; the data in Table 2 are averages trace element contents with both lower and higher values of the runs. The total procedural blank is <200 pg Pb than Karthala samples. La Grille lavas show a stronger and is therefore considered negligible. To check the negative K anomaly and a significant negative Pb anaccuracy in comparison with literature data, sample omaly for all samples except G17c. The K anomaly is 69244 from Heard Island (Barling & Goldstein, 1990) Pb = La Grille alkali basalts have much lower trace element 39·151. This is consistent within error with the published contents than those from Karthala (Fig. 5c) . Two samples values of 18·776, 15·588, and 39·170, respectively.
from Badjini appear to be exceptions to these generalizations, having trace element compositions which differ from those of Karthala and other samples from
GEOCHEMICAL RESULTS
Badjini (K16 and K17 are termed Badjini-e in the following). Their normalized trace element patterns are Whole-rock analyses of Grande Comore samples are reported in Tables 1 and 2 . Samples from La Grille have similar to those of La Grille alkali basalts but they have VOLUME 39
NUMBER 5 MAY 1998 a strongly pronounced negative Pb anomaly and no K range. The additional data significantly increase the known isotopic variability of Karthala. anomaly.
The Karthala and La Grille sample suites have different isotopic compositions, demonstrating involvement of different sources in their formation (Fig. 6,  Nd/ 144 Nd isotope ratios, olivine, and (3) Karthala and La Grille mantle sources the Badjini-e samples have isotopic compositions which are unrelated. Class & Goldstein (1997) recently showed resemble those for La Grille and are distinct from all that La Grille lavas are derived from a common mantle those of the other samples from Badjini and Karthala. source by variable degrees of partial melting in the Relative to previous studies involving Grande Comore presence of amphibole. In the following discussion we (Reisberg et al., 1993; Späth et al., 1996) the Karthala further elucidate the petrogenesis of Grande Comore lavas. data presented here are from a much larger sample melting trends however, the systematic behavior of the major and trace In Karthala lavas, the observation that concentrations of elements indicates that the parental magmas had broadly highly incompatible elements (e.g. Rb, Sr) increase and similar chemical compositions. Badjini samples show compatible elements (e.g. Ni, Cr) decrease systematically slightly higher (Badjini-n) and lower (Badjini-e) inwith decreasing mg-number (Fig. 2) is consistent with compatible trace element contents than Karthala samples Strong's (1972) conclusion that fractionation is governed (Fig. 2b,c) . The difference could be due to a lower degree by low-pressure fractionation of olivine, Cr-rich spinel, of partial melting during the formation of the Badjini-n and clinopyroxene. The importance of fractional crys-parental magmas relative to the Karthala magmas. SiO 2 tallization of olivine is clear from the decrease of Ni shows only a small variation with crystal fractionation. contents with decreasing mg-number (Fig. 2e) . Inclusions Considering that primary melts in equilibrium with of Cr-rich spinel in the olivines cause the Cr contents mantle olivine (Fo 90 ) have mg-number~70, we infer of the lavas to drop before the onset of significant Karthala parental magmas to have~47 wt % SiO 2 . clinopyroxene fractionation, whose occurrence is in-Provided that the Karthala mantle source did not have dicated by a drop of CaO in samples with mg-number a strong middle-to-heavy REE enrichment before melt-<53 (Fig. 2f,d ). Sc shows the same variation as CaO. ing, an origin in the garnet stability field at depths The three cumulate-rich samples (K30b-d) in our study greater than~78 km (see Hirschmann & Stolper, 1996) with mg-number [75 have slightly higher CaO and Sc is indicated by fractionated middle to heavy REE ratios contents compared with other high mg-number samples, (Fig. 4 ; Tb/Yb N = 1·7-2·2). reflecting accumulation of clinopyroxene. Although
The La Grille suite displays decreasing Ni and Cr plagioclase occurs as a phenocryst phase in some of the contents with decreasing mg-number, consistent with most evolved lavas, fractionation of this phase is not some fractionation and accumulation of olivine and chroobvious in the Sr or Eu contents of the lavas (Fig. 2c) . mite (Fig. 2) . Class & Goldstein (1997) corrected La Grille The order of crystallization of phases in the Karthala lava compositions for fractionation or accumulation of olivine by normalizing to an arbitrarily chosen parental suite is olivine + Cr-rich spinel → augite → plagioclase. , 1984) . This calculation showed that fractionation effects are minor to insignificant relative to the large reflected in the decreasing K/Nb ratio with decreasing degrees of partial melting in the La Grille suite. range of incompatible element abundances (of up to a factor of four) and the large variation in silica content. La Grille lavas have fractionated middle to heavy REE ratios (Tb/Yb N = 1·5-2·3; Fig. 4 ) similar to the range Plume and lithospheric mantle sources found in Karthala lavas. This indicates that melts form in the garnet stability field at depths greater than~78 km, The distinct isotopic compositions of Karthala and La again assuming the mantle source was not middle to Grille lavas show that the two suites are derived from heavy REE enriched. An additional indication of melting different mantle sources. The observation that Karthala in the presence of residual garnet is the Y vs Nb re-and La Grille lavas have erupted contemporaneously lationship (Fig. 7) as discussed below.
might be taken to indicate that the deep Comores mantle The distinctions between the petrogenetic processes sources are chemically and isotopically heterogeneous, or affecting erupted lavas in Karthala and La Grille are that the deep plume is affected by shallow contamination. illustrated in plots of Y and K/Nb vs Nb (Fig. 7) . The Class & Goldstein (1997) concluded, for the reasons given incompatible behavior of Y during fractional crys-above, that the source of La Grille is amphibole-bearing tallization of olivine + pyroxene ± plagioclase observed metasomatized lithospheric mantle, and that Karthala in Karthala lavas contrasts with its more compatible lavas are formed by contamination of the deep mantle behavior during melting in the presence of garnet ob-plume source having a uniform composition by the same served in La Grille. K and Nb show a similar degree of lithospheric mantle that forms the source of La Grille. incompatibility during partial melting of an anhydrous Späth et al. (1996) , on the basis of modeling of the mantle mineralogy consisting of ol + opx + cpx ± gnt cross-cutting REE patterns of the two volcanic suites, ± sp, and during fractional crystallization of ol + px ± suggested that the source of La Grille volcanic rocks is located at deeper level relative to the source of the plag, which is consistent with the constancy of K/Nb in 
Karthala volcanic rocks. Their interpretation contrasts
An important consideration for the volcanic evolution of Grande Comore is whether the whole edifice of La with our conclusion that Karthala melts are ultimately derived from a deeper mantle source than La Grille. Grille volcano could realistically represent lithospheric melts. Most of our La Grille lava samples are from Those workers did not consider the consequences of residual amphibole in the La Grille source in the context surface flows, plus a few that have been brought up from depth by maar eruptions, but they might not be of the upper temperature stability limit of this phase. The cross-cutting REE patterns of the two volcanic suites representative for the entire volcanic edifice. An estimate for the amount of lithospheric mantle that melted in are explained as the result of relatively lower degrees of partial melting of a relatively more depleted mantle order to form the entire La Grille edifice can be made as follows. We estimate its volume based on the source for the La Grille volcanic rocks relative to the Karthala volcanic rocks (Fig. 4 and later discussion) .
topography of the island and its bathymetry (Coffin & (1996) and Class & Goldstein (1997). Rabinowitz, 1987; Bachèlery & Coudray, 1993) . For partial melting of 5% (Class & Goldstein, 1997), the melting cylinder would be 27 km thick, approximately a simplicity, we assume that La Grille volcano forms a cone-shaped structure. It rises 4 km from the seafloor fourth of the lithospheric thickness. Such a large column of melted lithospheric mantle seems improbable. La Grille with an approximate bottom diameter of 45 km. We further assume that the lithospheric melts were formed is not located directly above the plume, as indicated by the bathymetry of the whole Comorian island chain, but in the lithospheric mantle from a cylinder-shaped volume with the same diameter. Given an average degree of to the north of it. It is unlikely that such a large volume of the lithospheric mantle would be melted through an amphibole-bearing source. Considering the implications of the upper temperature stability limit of conductive heating by the plume. Rather the main part of the La Grille edifice is probably formed by plume-amphibole, we suggest that the Späth et al. (1996) 'La Grille type' lavas are of lithospheric origin. Based on derived melts that migrated northward, presumably in a weak zone in the lithosphere following an old N-S their limited sampling of Grande Comore, which includes four Karthala and three La Grille samples, Späth et al. oriented fracture zone. An indication for the migration of plume melts to the north is the isotopic composition (1996) classified some of the rejuvenescent stage lavas from Mayotte as Karthala-type. In the frame of our more of sample G17c, a maar sample from the north of the island, with Pb / 204 Pb isotope ratios detailed sampling of La Grille, the K/Nb ratio for melts derived from amphibole-bearing lithospheric mantle intermediate between those for lithospheric and plume sources. We suggest that, as the lithosphere moved away sources extends to higher values, which classifies all the rejuvenescent stage lavas from Mayotte as lithospheric from the plume, the plume influence on La Grille became weaker and only lithospheric melts from the sufficiently melts, with the exception of only one sample. Therefore, all late-stage basanites, posterosional and rejuvenescent heated base of the lithosphere were erupted.
Lithospheric melts are important in the formation of stage lavas of the Comores Archipelago are derived by lithospheric melting (Fig. 8) , with a single exception. the other Comorian Islands as well. Späth et al. (1996) classified lavas from the islands Grande Comore, Moheli Combining previously published isotope data with our own shows that (excepting one sample) all the lithosphereand Mayotte based on the K/Nb ratio in La Grille and Karthala volcanic rocks, and suggested that lavas with derived melts from the Comores Archipelago have isotopic compositions in the range of the La Grille volcanics. low K/Nb ratios such as La Grille were derived from Pb isotope ratios of Comorian island volcanics. All lithosphere-derived melts lie in the range of La Grille volcanics, except for one sample. Alkali basaltic samples from the islands other than Grande Comore suggest the possibility of an additional component which is not seen in Grande Comore. Data sources: this study and Class & Goldstein (1997) for Karthala (Φ), La Grille (Ε) and Badjini-e (Η); Reisberg et al. (1993) and Späth et al. (1996) suggested that small-degree melts from the metacomposition of the Comores plume between the time of somatized lithospheric mantle are formed by conductive formation of the older islands and the youngest island heating by the plume, and these mix with larger degree Grande Comore cannot be excluded, the similarity of plume-derived melts. We have tested this hypothesis by the Sr and Nd isotopic compositions of this component comparing highly incompatible trace element and isotope and the lithospheric mantle might not be coincidental.
ratios. Trace elements having slightly different bulk parRather it might indicate a location of this component in tition coefficients are not significantly fractionated during the shallow mantle, as suggested by Späth et al. (1996) , fractional crystallization or by large degrees of partial and possibly in the lithospheric mantle. We note that the melting, but significant fractionation can occur if the two Badjini-e alkali basalts (open diamonds, Fig. 8 ) from degree of partial melting is small. For example, the La the older part of Karthala represent another example of Grille suite has a large range in Nb/Nd ratios, which alkali basalts from the Comorian islands with isotopic increases with decreasing degrees of partial melting compositions in the range of the lithosphere-derived (Fig. 9e) . In contrast, the Karthala suite, representing lavas. As these samples have different geochemical charlarge-degree melts that have undergone variable amounts acteristics from most other La Grille and Karthala volof fractional crystallization, shows nearly constant Nb/ canics (Fig. 5) , but resemble lithosphere-derived lavas in Nd ratios. Comparisons of Nb/Sr, Nb/Nd, Nb/Pb, Th/ many aspects, we suggest that these samples reflect a Sr, Th/Nd, or Th/Pb with Sr, Nd, and Pb isotope heterogeneous shallow mantle beneath the Comores Arvariations ( Fig. 9d-i) show that Karthala lavas form chipelago. A more detailed study of the older Comorian binary mixing arrays. One end-member of these arrays islands is in progress to address these issues.
is the Comores plume. The Karthala isotope array points to high-degree melts of the lithospheric mixing endmember.
The process of plume-lithosphere
These considerations suggest that Karthala lavas repinteraction resent plume melts that mix with high-degree melts of Class & Goldstein (1997) noted that Karthala shield-the metasomatized lithospheric mantle. This conclusion building lavas display a range in isotope ratios which can be further tested by focusing on trace element ratios extends from the composition of the plume to that of affected by the presence of residual amphibole. The the lithospheric mantle, suggesting plume-lithosphere low degrees of melting combined with the presence of interaction (Fig. 6) . This interpretation can be tested in amphibole in the mantle source impart low K/Nb ratios terms of both isotope and trace element systematics. to La Grille lavas. Higher K/Nb ratios are expected Incompatible trace element ratios that are not sig-for high-degree partial melts in which amphibole is nificantly fractionated during partial melting and frac-exhausted. Nd of tional crystallization reflect the composition of the mantle Grande Comore lavas. This relationship does not formsource, and systematic variations can be used to infer ally require linearity for simple binary mixing; however, mixing of sources, or mixing of melts from different it should be linear in the case of Grande Comore, because sources [see Hofmann et al. (1986) ]. This is illustrated in K/Nd vs Nd/ 144 Nd and 87 Sr/ 86 Sr, respectively, in lithospheric mantle (Fig. 9e) . In Fig. 10 , the Karthala Karthala and La Grille samples. In these diagrams, binary samples lie on a linear array, which trends toward a mixing end-member with La Grille-like isotope ratios but mixing is linear. The lithospheric mantle, represented by Fig. 9 . Plume-lithosphere interaction in Grande Comore, using trace element ratio vs isotope ratio diagrams. Denominators of trace element ratios are chosen to result in linear binary mixing. (a-c) Trace element ratios that are not significantly fractionated by partial melting, and thus reflect mantle source composition, show binary mixing relationships when combined with isotope ratios. (d-i) Trace element ratios that are not affected by fractional crystallization (Karthala lavas) but show significant variations with variable degrees of partial melting (La Grille lavas). In all cases the more compatible element during partial melting is in the denominator, which results in increasing ratios with decreasing degrees of partial melting. Karthala lavas form binary mixing arrays extending from the composition of the plume to high-degree La Grille melts, indicating that the lithospheric mantle is sufficiently heated by the plume to melt to relatively large degrees. Karthala (Φ), La Grille (Ε), Badjini-e (Η). F, degree of partial melting of La Grille lavas. Nd ratios in Grande Comore lavas. La Grille lavas have low K/Nb ratios, reflecting the presence of residual amphibole in the metasomatized lithospheric mantle source and the low degrees of melting. In La Grille, higher K/Nb values correlate with higher degrees of melting. Karthala lavas form a binary mixing array pointing to higher K/Nb ratios than measured in La Grille. This is strong support that high-degree lithospheric melts mix with plume melts during plume-lithosphere interaction. Symbols as in Fig. 9 . a K/Nb higher than measured in any La Grille sample. with the solid residue and not significantly on the composition of the starting material. These experiments sugWe take this as further evidence that the Karthala trace element and isotope variations are the result of mixing gest that the Karthala parental magma with an SiO 2 content of~47 wt % was last equilibrated at 25-30 kbar, between plume melts and metasomatized lithospheric mantle which was melted to a degree higher than ob-corresponding to an approximate segregation depth of 75-90 km. This is somewhat shallower than the anserved in La Grille lavas. Class & Goldstein (1997) concluded that La Grille alkali basaltic melts form by ticipated thickness of~100 km for >100-Ma-old lithosphere [see McNutt (1995) ] and indicates that the basẽ5% melting of a metasomatized harzburgite. This suggests that plume melts mix with >5% lithospheric mantle of the lithosphere has been eroded by the plume.
We conclude that the following process explains the melts in which the residual amphibole has been exhausted.
isotope and trace element systematics of the lavas from the shield-building stage of Grande Comore. Conductive The foregoing discussion constrains the process of heating of the base of the metasomatized lithospheric plume-lithosphere interaction in Karthala and requires mantle by the plume causes high degrees of melting, and mixing of plume melts with high-degree melts of the these melts mix with other melts derived more directly lithosphere. Can these high-degree melts represent bulk from the plume. If metasomatism of the lower oceanic assimilation of lithospheric mantle? This possibility canlithospheric mantle is a process that generally occurs not be precluded on the basis of the present geochemical beneath the ocean basins, then plume-lithosphere interdata set; however, the question could be addressed with action by mixing of plume melts with high-degree lithoOs isotope measurements. In Hawaiian volcanoes, Os spheric melts is a general process occurring in the isotope data indicate that bulk incorporation of oceanic formation of ocean island shield volcanoes. lithospheric mantle is an insignificant process (Martin et al., 1994; Hauri et al., 1996; Class & Goldstein, 1997) . If this is also true for Grande Comore, it would indicate that conductive heating by a plume of metasomatized Metasomatism of the oceanic lithospheric mantle having a low solidus temperature and located at mantle by the plume the base of the lithosphere is sufficient to produce relatively high degrees of melting.
The presence of amphibole in the source of La Grille Such high-degree melting at the base of the lithospheric lavas is a clear indication for metasomatized oceanic lithospheric mantle beneath Grande Comore (Class & mantle might provide a mechanism for thermal erosion of the lithosphere by the plume [see Eggins (1992) ]. Goldstein, 1997) . Direct evidence for metasomatism beneath Grande Comore and other intraplate oceanic and Experimental results (Hirose & Kushiro, 1993; Hirose & Kawamoto, 1995) suggest that the SiO 2 content of melts continental settings has been demonstrated in terms of the chemical composition, mineralogy, and high volatile mainly depends on the pressure of the last equilibration contents of metasomatic melts and fluid inclusions within What is the nature of the metasomatizing agent? The minerals of mantle xenoliths (Schiano & Clocchiatti, presence of residual amphibole in the mantle source of 1994). In addition, the trace element and isotopic com-La Grille indicates that it is volatile bearing. Carbonatitic positions of secondary phases in some xenoliths indicate melts are characterized by high primitive mantle norplume-related carbonatite metasomatism of the oceanic malized Ba/Rb ratios of~100 [see Nelson et al. (1988) ]. lithospheric mantle (Hauri et al., 1993) . Here we discuss The slightly elevated Ba contents of the source of La the origin of the metasomatism of the lithospheric mantle Grille lavas might indicate a role for carbonatite, also beneath Grande Comore.
supported by indications for carbonatite metasomatism in some xenoliths from La Grille (Bonadiman et al., 1996) . However, the low normalized Ba/Rb of~2 (Fig. 11) in
Trace element characteristics of metasomatized lithospheric this source shows that carbonatite cannot be the primary and plume mantle metasomatic agent. Moreover, the metasomatism does If alkali basalts from La Grille and the parental alkali not result in any identifiable fractionation between fluidbasalt magmas from Karthala formed by similar degrees mobile and fluid-immobile elements (Fig. 11) . For exof partial melting, then their trace element abundances ample, Ba is very mobile relative to Th in volatile fluids. reflect the composition of the lithospheric and plume This would result in a very strong fractionation of the mantle sources. The K deficiency in La Grille basanites Ba/Th ratio if the metasomatizing agent was a fluid is much greater than in the alkali basalts (Fig. 5) , consistent (Brenan et al., 1995) , which is not observed. Based on with our interpretation that this deficiency is the result these considerations, we conclude that the metaof residual amphibole in the source of the La Grille somatizing agent is a volatile-bearing silicate melt. volcanic rocks at low degrees of partial melting and is not a source characteristic (Class & Goldstein, 1997) . For all other elements, La Grille alkali basalts (e.g. G15, mg-Plume-related metasomatism number = 56) are characterized by lower incompatible We have pointed out that La Grille alkali basalts have trace element contents compared with near-primary Kar-similar trace element patterns to Karthala lavas, and thala alkali basalts (e.g. K19, mg-number = 65). This that the isotopic composition of the La Grille lavas is indicates that the La Grille mantle source has a lower intermediate to those of the Comores plume and depleted trace element content than the Karthala mantle source. upper mantle. We have also argued that the metaHowever, the trace element patterns of both lithosphere somatizing agent is a silicate melt. Here we compare its and plume-derived alkali basalts are strikingly similar composition with plume-derived melts to test a possible (excepting the slightly higher Ba and lower Pb in La role of the plume in metasomatizing the lithospheric Grille). These considerations suggest that the La Grille mantle. and Karthala mantle sources are related but the La
The best constraints we have on the composition of Grille source is more depleted. A relationship is further plume-derived melts are from the most primary Karthala supported by the isotopic composition of the La Grille lavas with isotopic compositions closest to that of the lithosphere-derived melts, intermediate to MORB and Comores plume. We use sample K11, with mg-number = the Comores plume, suggesting that the depleted upper-62. Figure 11 shows that a 3·5% plume melt plus 96·5% mantle lithosphere was metasomatized by plume-derived depleted upper mantle matches the absolute abundances fluids or melts.
of the metasomatized La Grille lithospheric mantle source very well. Considering the global variability of trace
The metasomatizing agent element patterns in ocean island basalts (e.g. Weaver, 1991), we consider this as evidence that the metaWe suggest the nature of the metasomatizing agent can somatizing agent is the plume. If the metasomatizing be identified through comparison of the composition of agent is a low-degree melt derived from the plume, rather the source of La Grille with normal depleted upper than an alkali basalt as used for the calculation here, mantle (the lithospheric mantle before metasomatism).
then the proportion of plume melt relative to depleted From the composition of the lithospheric melts (the La mantle is even smaller. The only significant difference Grille lavas), and using the residual mineralogy in the between our calculated plume-metasomatized source and La Grille source and a range of partial melting of 1-5% our La Grille mantle source is in the Ba and Pb contents. (Class & Goldstein, 1997) , the composition of its lithoGiven the otherwise excellent accordance between the spheric mantle source can be estimated. The results of model and the La Grille mantle compositions, we atthis calculation (Fig. 11) show that the trace element tribute the difference in Ba and Pb contents to an pattern of the metasomatized lithospheric mantle source additional but unidentified process or component; for is strongly constrained for highly incompatible elements, example, a small carbonatitic component might explain even allowing for a range in possible residual mineralogies and absolute degrees of partial melting. the elevated Ba. Plume-related metasomatism has been (Sun & McDonough, 1989 ) (except Sr, which was corrected for plagioclase fractionation to give a smooth normalized trace element pattern) by assuming that MORB forms by 10% batch partial melting with ol:opx:cpx:sp = 58:30:10:2. Depleted mantle plus plume melt-calculated as 96·5% depleted upper mantle plus 3·5% plume melt, based on abundances of sample K11. Nd/Pb and Pb/Sr ratios were adjusted using K11 and G15 to best represent the plume and average lithospheric mantle source.
suggested previously to explain the composition of post-melts penetrate the lithosphere and form amphiboleerosional lavas of Hawaiian volcanics (Chen & Frey, bearing assemblages with bulk isotopic compositions 1985; Clague & Dalrymple, 1988) , though in those studies intermediate between those of the unmetasomatized lithoit was not the preferred model. spheric mantle and the plume. The presence of amphibole It is interesting to consider the consequences of such results in a lower solidus temperature. As a result, the a metasomatic process. The metasomatism is modal and metasomatized regions are susceptible to melting by forms amphibole in the lithosphere. If the metasomatism conductive heating by the plume itself. On its fringes, forms veins, as frequently observed in metasomatized the plume heats the metasomatized lithospheric mantle mantle xenoliths (e.g. Nixon, 1987), we would expect a beneath La Grille, causing low-degree melting and procorrelation between isotopic compositions and the degree ducing alkalic magmas composed almost entirely of of partial melting in La Grille, as a result of the lower metasomatized lithospheric mantle. These melts quickly solidus of the veins relative to the depleted wall rock. reach the surface, probably through migration along N-S However, isotopic compositions of La Grille lavas show oriented weak zones in the Somali Basin [see Rabinowitz only a small range, which is not correlated with the degree (1983)]. Shield lavas from Karthala volcano reflect mixing of melting. This indicates that amphibole is dispersed in between plume and metasomatized lithospheric mantle the metasomatized mantle, at least near the base of the components through mixing of melts. In Karthala lavas, lithospheric mantle where plume-lithosphere interaction the lithospheric mantle contaminants are high-degree occurs.
melts formed by direct action of the plume on the base of the lithosphere, whereas La Grille lavas are low-degree melts formed on the fringe of the plume.
MAGMA GENERATION BENEATH GRANDE COMORE CONCLUSIONS
The processes involved in the formation of Grande Grande Comore is formed by two contemporaneously Comore lavas, as they relate to the interaction between active volcanoes, La Grille and Karthala. La Grille lavas the plume and the oceanic lithospheric mantle, are sumare mainly alkalic, near-primary, low-degree melts of a marized in Fig. 12 . The upwelling Comores plume with metasomatized amphibole-bearing lithospheric mantle a nearly uniform isotopic and chemical composition source. Its location along a possible fracture zone in the impinges on the old,~100-km-thick lithospheric plate beneath Grande Comore. Plume-derived volatile-bearing old (>100 Ma) oceanic crust may allow easy migration Fig. 12 . Sketch illustrating the process of plume-lithosphere interaction beneath Grande Comore. The upwelling Comores plume impinges on the lithospheric plate. Plume-derived volatile-bearing melts form amphibole-bearing assemblages in the lower part of the lithospheric mantle, which results in a lower solidus temperature. Shield lavas of Karthala volcano reflect mixing between plume melts and high-degree melts of the metasomatized lithospheric mantle. On its fringes, the conductive heating by the plume raises the temperature above the solidus, causing lowdegree melting and producing the alkalic magmas of La Grille. These melts quickly reach the surface, probably through migration along weak zones. Not to scale. of near-primary melts to the surface. In contrast, Karthala La Grille lavas when melted. We conclude that the metasomatizing agent was volatile-bearing silicate melts lavas are alkali olivine basalts which have undergone substantial fractionation in shallow magma chambers, from the plume.
These considerations allow the generation of Grande and are mixtures of deep mantle plume melts with a lithospheric mantle contaminant.
Comore to be delineated. The base of the lithospheric plate was metasomatized by release of volatile-bearing We have characterized the processes occurring during plume-lithosphere interactions beneath Grande Comore, low-degree melts from the plume. The formation of amphibole-bearing mineral assemblages results in a drasbased on considerations of the major, trace element, and isotopic relationships between Karthala and La Grille tic lowering of the solidus compared with anhydrous lithospheric mantle, which facilitates melting through lava. The contamination of plume melts by lithosphere occurs as mixing of plume melts with high-degree conductive heating of the base of the lithosphere by the plume or plume-derived melts. The metasomatic process lithospheric mantle melts.
La Grille lavas, although derived from the lithospheric results in formation of a lithospheric mantle source having trace element abundances and isotope compositions intermantle, show similar trace element patterns to plumerelated Karthala lavas, but lower trace element contents mediate to depleted upper mantle and the plume. The low solidus of the lower part of the lithospheric mantle for comparable degrees of partial melting. Addition of a few percent of plume melt to anhydrous depleted causes it to be a major source of contamination for plume melts. As a result, isotopic compositions of the main stage lithospheric mantle generates a lithospheric mantle composition that would match the trace element pattern of of plume volcanism reflect plume-lithosphere interaction.
